The structural and magnetic properties of deuterated herbertsmithite have been studied by means of neutron powder diffraction and magnetic susceptibility measurements in a wide range of temperatures and pressures. The experimental data demonstrate that a phase transition from the quantum-disordered spinliquid phase to the long-range ordered antiferromagnetic phase with the Néel temperature T N ¼ 6 K is induced at P ¼ 2:5 GPa. The observed decrease of T N upon compression correlates with the anomalies in pressure behavior of Cu-O bond length and Cu-O-Cu bond angles. The reasons for the observed spinfreezing transition are discussed within the framework of the available theoretical models and the recent observation of the field-induced spin freezing. The spin-1=2 corner-sharing kagome antiferromagnetic lattice has become a frontier in the search for novel quantum phenomena in condensed matter over the past two decades [1] . One of the most interesting effects observed in this system is the realization of the quantum spin-liquid state, in which the classical Néel long-range magnetic order is destabilized by quantum fluctuations [1, 2] .
The spin-1=2 corner-sharing kagome antiferromagnetic lattice has become a frontier in the search for novel quantum phenomena in condensed matter over the past two decades [1] . One of the most interesting effects observed in this system is the realization of the quantum spin-liquid state, in which the classical Néel long-range magnetic order is destabilized by quantum fluctuations [1, 2] .
Among the model systems with the spin-1=2 kagome lattice, the mineral herbertsmithite ZnCu 3 ðOHÞ 6 Cl 2 has recently been highlighted as the most ''structurally perfect'' realization [3] . Its structure contains Cu 2þ -based kagome planes, separated by nonmagnetic Zn 2þ ions. This is the only kagome model system with the highest value of frustration index (f > 157), which does not exhibit any (partial) freezing of the spins down to at least 50 mK [4] despite significant nearest-neighbor exchange estimated at J ¼ 190 K [3] [4] [5] [6] . Neutron scattering experiments revealed the presence of instantaneous short-ranged antiferromagnetic (AFM) correlations in the absence of a time-averaged ordered magnetic moment-the key feature of the quantum spin liquid [7] . It has also been shown experimentally that kagome layers in herbertsmithite have a nonzero susceptibility at T ! 0 K [8, 9] , which is in agreement with the continuum of quantum excitations observed using neutron spectroscopy [5, 7] . Among the important factors potentially affecting the properties of herbertsmithite are the Dzyaloshinsky-Moriya interaction [10] and a small degree of antisite disorder, involving mixing of Cu 2þ and Zn 2þ ions between Cu and Zn sites [11] .
The continuous magnetic excitation spectrum [5, [7] [8] [9] and the absence of magnetic order [4] have been attributed to the realization of or proximity to a quantum-critical phase or a quantum-critical point [5, 7] . Recent theoretical calculations [12] predict a quantum phase transition to a spin-frozen state, induced by the Dzyaloshinsky-Moriya (DM) spin-spin interaction. This antisymmetric exchange interaction is allowed in herbertsmithite due to the absence of the inversion symmetry across the Cu-O-Cu superexchange pathways. The DM interaction might explain the field-induced spin freezing with " 0 H c $ 1:6 T observed using 17 O NMR. [13] . Strength of the DM interaction with respect to the magnetic superexchange depends strongly on the geometry, i.e., on the interatomic bonds and angles, of the Cu-O-Cu superexchange pathway. It might therefore be possible to bring about a DM interaction-induced spinfreezing transition by the application of hydrostatic pressure, which modifies the geometry of the superexchange interaction pathway. The aim of the experiments described in this Letter was to search for spin freezing in the spin-liquid material herbertsmithite under pressure. The pressure-induced spin-frozen states were previously observed in the 3D spin-liquid pyrochlore Tb 2 Ti 2 O 7 [14] , and also 1D spin-liquids TlCuCl 3 [15] and KCuCl 3 [16] .
Deuterated herbertsmithite was synthesized by the hydrothermal method as described in Ref. [3] . The deuteration level of 97% and the level of Cu/Zn antisite disorder, involving 6% of the Cu 2þ ions and 18% of the Zn 2þ ions, were estimated from neutron diffraction measurements performed at the GEM diffractometer (ISIS pulsed neutron source, Rutherford Appleton Laboratory, UK).
The crystal structure of herbertsmithite in the pressure range 0-5.1 GPa at ambient temperature was studied using the Pearl/HiPr diffractometer (ISIS, RAL, UK) and the Paris-Edinburgh pressure cell [17] . A TiZr encapsulated gasket of 75 mm 3 initial volume and the 4:1 volume mixture of fully deuterated methanol-ethanol as a pressure-transmitting medium were used to attain nearly hydrostatic compression of the sample [18] . A small ( $1 mm diameter) pellet of polycrystalline lead was added to the sample to act as a suitable pressure marker [19] . Diffraction patterns were collected using the main PEARL/HiPr detector bank covering the angular range 83 < 2 < 97 . The data collection times were about 3 hours at each pressure.
The magnetic structure of herbertsmithite in the pressure range 0-3 GPa and temperature range 1.4-300 K was studied using the GEM diffractometer (ISIS, RAL, UK). A sapphire-anvil high-pressure cell [20] with a sample volume of about 2 mm 3 was used. Several tiny ruby chips were placed at different points of the sample surface to monitor the pressure distribution. The pressure was determined by the ruby fluorescence technique with the accuracy of 0.05 GPa at each ruby chip and the pressure value on the sample was determined by averaging pressure values read off from the ruby chips. The estimated inhomogeneity of the pressure distribution on the sample surface was less than 15%. Diffraction patterns were collected from a GEM detector bank located at an average scattering angle of 2 ¼ 34:96 and the typical data collection time was about 20 hours. The diffraction data were analyzed by the Rietveld method using the FULLPROF program [21] .
The magnetic susceptibility measurements were performed with a miniature high-pressure cell for a SQUID magnetometer using a dc field of 100 Oe [22] . Bevelled diamonds with culets of 800 "m were used as the anvils and a 250 "m thick beryllium-copper foil indented to 100 "m was used as the gasket. A hole of 350 "m diameter was drilled in the gasket and filled with the sample. Daphne 7373 oil was used as the pressure-transmitting medium.
Additional electrical resistivity measurements were conducted by a four-probe technique in a small diamond anvil cell used with the Physical Property Measurement System (Quantum Design, USA) [23] . Diamonds with 200 "m culets were used as the anvils and the probes were made of gold foil. The measurements were done in the range of temperatures of 2-300 K and at pressures of up to 35 GPa.
Neutron diffraction patterns of deuterated herbertsmithite obtained at selected pressures and ambient temperature on the Pearl/HiPr diffractometer and refined by the Rietveld method are shown in Fig. 1 . The rhombohedral crystal structure of R 3m symmetry remains stable in the investigated pressure range up to 5 GPa. The values of structural parameters obtained at ambient conditions agree well with previous studies [3, 11] . The lattice compression is anisotropic with the linear compressibilities k ai ¼ Àð1=ða i Þ P¼0 Þðda i =dPÞ T of lattice parameters k a ¼ 0:0050 and k c ¼ 0:0026 GPa À1 . The unit cell volume as a function of pressure was fitted by the Birch-Murnaghan equation of state [24] P ¼ 
0075 GPa À1 , while it becomes nearly pressure independent for P > 2:5 GPa (Fig. 2) . In contrast, the Cu-Cl distance exhibits a linear decrease upon compression with a pressure coefficient k Cu-Cl ¼ 0:0069 GPa À1 . The Cu-O-Cu bond angle mediating the strong superexchange AFM interaction between neighboring Cu 2þ ions within the kagome layers shows a small linear increase from 118.1 (4) to 119.1 (4) in the 0-2.5 GPa pressure range, which is followed by a decrease to 116.4(4) upon further compression at 5.1 GPa (Fig. 2) . This increased bending is accompanied by a tilting of the CuO 4 planes away from the (ab) plane of the crystal structure containing the kagome layer (Fig. 3) . The Cu-Cl-Cu bond angle, on the other hand, exhibits only a slight increase from 76.0(2) to 76.4(2) in the 0-2.5 GPa pressure range and remains nearly unchanged at higher pressures up to 5.1 GPa (Fig. 2) . As a result, the CuO 4 plane tilts with respect to the Cl-Cu-Cl axis of each CuO 4 Cl 2 octahedron (Fig. 3) , so that above 2.5 GPa the sixfold coordination of the Cu 2þ cations comes slightly closer to D 4h (trigonally distorted octahedral), with the larger O-Cu-Cl angles decreasing from 97.1(4) to 96.7 (4) . No such changes are observed in the D 3d crystal field of the Zn cations. Remarkably, despite the differences in the response of the individual bonds and angles to applied pressure, the pressure dependence of the unit cell volume remains practically linear up to 5.1 GPa. While this is surprising, it should be noted that the anomalies observed in the behavior of some structural parameters are not discontinuities but rather abrupt changes in their pressure dependence, arising from the complex interplay between the compression of interatomic bonds and the tilting of CuO 4 Cl 2 octahedral units. The magnetic pressure-temperature phase diagram based on the magnetic susceptibility measurements is shown in Fig. 4(a) . The appearance of a peak associated with the onset of the long-range antiferromagnetic order is observed at P ¼ 2:5 GPa and T N ¼ 6 K. Upon further pressure increase the magnetic ordering temperature decreases slightly to 4.5 K at P ¼ 10 GPa. The pressure of 2.5 GPa, at which the transition from the quantumdisordered state to the classical Néel-ordered antiferromagnetic state is observed, correlates with the observed anomaly in the pressure dependence of the Cu-O distance and the Cu-O-Cu angle at room temperature. The electrical resistivity measurements confirmed herbertsmithite remains insulating over the entire pressure range.
A low-temperature high-pressure neutron diffraction experiment was carried out to look for magnetic Bragg peaks in the potentially spin-frozen phase observed below $6 K in the magnetic susceptibility measurements above 2.5 GPa. For the analysis of the magnetic contribution to the diffraction spectra, the difference pattern obtained by subtraction of the 50 K data (above T N ) from the 1.4 K data was used [ Fig. 4(b) ]. By following this method, two weak magnetic reflections were identified in the 1.4 K data, at Q % 1:33 and at 1:26 A À1 . There are two types of long-range magnetic order which are commonly considered in kagome antiferromagnets. These are the so-called ''q ¼ 0'' structure with a positive vector chirality and the '' ffiffiffi 3 p Â ffiffiffi 3 p '' structure with a staggered vector chirality [25] . From the Rietveld refinement it was found that the positions and the intensities of the observed magnetic reflections are consistent with the ffiffiffi 3 p Â ffiffiffi 3 p magnetic structure [ Fig. 4(b) ] of herbertsmithite, while the q ¼ 0 model is in poor agreement with the data. The estimated ordered moment at T ¼ 1:4 K is refined as " ¼ 0:8ð1Þ" B , which is comparable to the ordered moment of " ¼ 0:6" B found in the related compound clinoatacamite, Cu 4 ðODÞ 6 Cl 2 [26] . We acknowledge that although the presence of the magnetic peaks and the nature of the magnetic order have been established, due to the complexity of the high-pressure neutron powderdiffraction experiments at very low temperatures, conducted on small samples with the volume of about 1 mm 3 , and the weak magnetic moment of the Cu 2þ ions, further experiments using single-crystal neutron diffraction would be helpful to fully characterize the AFM ordered state in the high-pressure phase of herbertsmithite. It is well established that there is a magnetic anisotropy in herbertsmithite, that has been attributed to a Dzyaloshinsky-Moriya interaction (DMI) [10, 12, 27] . Anisotropies, of the DMI-type or otherwise, can also induce a long-range order in kagome antiferromagnets as is well documented for the jarosites with S ¼ 5=2 [28] . For the low-spin case the DM interaction is the most likely cause of the anisotropy in kagome-lattice materials, where the Hamiltonian takes the form
where J is the superexchange interaction strength and D ij ¼ AEê z D z is the Dzyaloshinsky-Moriya anisotropy vector taken perpendicular to the kagome planes and staggered between neighboring kagome triangles. This Hamiltonian has been studied using finite-size scaling of exact diagonalization results of clusters [12] and recently also using Schwinger-boson mean-field theory [29] . The exact diagonalization calculations pointed to a secondorder transition to the Néel state on increasing of D z from the ambient pressure value of 0:08J [10] to the critical value $0:1J. The Schwinger-boson mean-field theory, in which the spin quantum number S becomes a variable (bosonic density), resembles the exact diagonalization results for a small Schwinger-boson density S $ 0:2, while it predicts the ffiffiffi 3 p Â ffiffiffi 3 p ground state for S ¼ 0:5 and a small D z =J < 0:04. The change in the ratio of the Dzyaloshinsky-Moriya coupling to the superexchange coupling D z =J is proportional to !=Á cf , where ! is the spin-orbit coupling constant and Á cf is the crystal-field splitting [30] . The spin-orbit coupling constant is related to intra-atomic interactions and it is weakly pressure dependent [31, 32] . The variation of the crystal-field splitting upon compression can be evaluated as Á cf $ ðl Cu-O Þ À5 , where l Cu-O is the Cu-O bond length [31] . One can estimate a 9% reduction in the quantity D z =J due to the application of pressure of 2.5 GPa.
Therefore, the observed pressure-induced onset of the ffiffiffi 3 p Â ffiffiffi 3 p magnetic order on decrease of D z =J is not consistent with the phase diagram predicted by the exact diagonalization. However, it can be explained in terms of the phase diagram obtained by the Schwinger-boson meanfield theory for relatively small D z =J, if one assumes an increase of the bosonic density S with pressure. One could speculate whether an effective increase in the spin quantum number with pressure could arise due to the enhanced spinorbit coupling as the electron density and orbital momentum increase upon compression. It is also worth noting that in the absence of the Dzyaloshinsky-Moriya coupling the ffiffiffi 3 p Â ffiffiffi 3 p ground state is selected for the kagome-lattice Heisenberg antiferromagnet in the case of relatively large S values by quantum fluctuations (''order by disorder'' mechanism) [33] . The nature of the spin-freezing transition in herbertsmithite is different from those observed under pressure in other spin-liquids such as Tb 2 Ti 2 O 7 , mediated by the uniaxial stress component [14] , or TlCuCl 3 and KCuCl 3 , mediated by the closing of the spin-energy gap [15, 16] . Further theoretical studies taking into account the interplay between Dzyaloshinsky-Moriya coupling and the quantum fluctuations would be important to clarify the balance between these factors in the formation of the phase diagram of the herbertsmithite. However, other explanations for the onset of the long-range order, such as those related to the increased further-neighbor interactions, cannot at this stage be ruled out.
In the antiferromagnetically ordered state the value of the Néel temperature is controlled by the strength of the superexchange interaction J $ cos 2 ð Cu-O-Cu Þ=ðl Cu-O Þ n , n $ 10 [34]. At pressures above 2.5 GPa the Cu-O bond length remains almost constant, while the Cu-O-Cu bond angle decreases. Such structural behavior should result in the reduction of the J value by 15% between 2.5 and 5.1 GPa, explaining the observed decrease in T N . Figure 4 (a) suggests the spin-freezing transition is of the first order, but this could be due to the insufficiently small steps in pressure at which the data were taken in the vicinity of 2.5 GPa. If with pressure we reach the same ordered phase as accessed with applied magnetic fields [13] then this should be a second-order transition. The results of our study demonstrate that herbertsmithite exhibits a phase transition from the quantum-disordered spin liquid to the long-range ordered antiferromagnetic state upon compression. The ffiffiffi 3 p Â ffiffiffi 3 p symmetry unit cell of the AFM order in the high-pressure phase is compatible with the neutron diffraction data. The observed magnetic phase diagram of the herbertsmithite points towards a complex interplay of Dzyaloshinskii-Moriya coupling, quantum fluctuations, and possibly further-neighbor interactions, requiring further theoretical clarification.
